(1) In general, threedose HB vaccination provides detectable HB surface antigen (HBsAg)-specific antibodies (anti-HBs) in more than 95% of children without major complications.
Immune Determinants in the Acquisition and Maintenance of Antibody to Hepatitis B Surface Antigen in Adults After
First-Time Hepatitis B Vaccination H epatitis B virus (HBV) infection is one of the largest public health issues worldwide. To prevent the mother-to-child transmission (MTCT) of HBV, the World Health Organization (WHO) recommends that hepatitis B (HB) vaccination be given within 24 hours of birth. (1) In general, threedose HB vaccination provides detectable HB surface antigen (HBsAg)-specific antibodies (anti-HBs) in more than 95% of children without major complications. (2) Significant progress has been made in
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providing HB vaccination, and global coverage with the three doses of HB vaccine in infancy reached 84% according to the Global Hepatitis Report 2017. (3) Consequently, in the Western Pacific region, it has been estimated that 10 million cases of chronic HB have been prevented, with a reduction of approximately 2.5 million HB-related deaths since 2003. (4) However, despite WHO recommendations, the global coverage of birth-dose vaccination is still low, and significant regional differences exist. In 2014, only 96 of 194 (49%) countries offered birth-dose HB vaccination as a national immunization schedule, and fewer than 38% of babies born worldwide received timely birth-dose vaccination within 24 hours after birth. (5) Adults and children who are immunocompetent, having acquired anti-HBs ≥10 mIU/mL approximately 1 month after a complete three-dose HB vaccination, are considered seroprotected and deemed vaccine responders. (6) Although vaccine-induced anti-HBs usually declines over time and sometimes becomes undetectable, booster vaccination for adults is not currently recommended by the Centers for Disease Control and Prevention. (7) One rationale for this policy is a report that acquired specific immunity, at least to a vaccine, is maintained for more than 30 years after the birth dose. (8) However, Stramer et al. (9) reported that HBV-DNA was detected in 6 HB-vaccinated study donors in the analysis of 520 randomly selected samples from blood donors in the United States. The anti-HBs titers of the 6 persons were all less than 100 mIU/mL. Accordingly, a low titer (<100 mIU/mL) of vaccine-induced anti-HBs is potentially insufficient to prevent HBV infection, especially with viral genotypes other than the vaccine genotype.
Until 2016 when the birth-dose vaccination was introduced, babies born from mothers who were HBV-positive have been selectively given HB vaccine and HB immunoglobulin (Ig) to prevent MTCT in Japan. Although this strategy has successfully reduced the number of chronic HBV carriers, horizontal HBV infection during infancy had not been completely prevented. Moreover, the low proportion of individuals positive for anti-HBs among adolescents and young adults is attributable to a gradual increase of sporadically observed patients with acute HB as a sexually transmitted disease in Japan.
HB vaccination is recommended for health care workers or persons at high risk of exposure to HBVcontaining body fluids if they did not receive the birth-dose vaccination. In our university, medical students and staff have received HB vaccinations. Every year, approximately 10% of vaccinees have been unable to acquire a detectable level of anti-HBs; therefore, elucidating the immunologic mechanism of the failure is crucial. To generate and maintain anti-HBs by the HB vaccine, several steps of immune responses are expected to be required. We classified the vaccineinduced immune reactions into three steps: (1) the acquisition of anti-HBs after the first HB vaccination; (2) the maintenance of detectable levels of anti-HBs; and (3) the response to a booster vaccination in recipients who have lost their anti-HBs.
In this study, we sought to clarify the pivotal immunologic factors involved in these three steps. We also analyzed the cumulative vaccination records of thousands of HB vaccine recipients to determine the longterm persistence of anti-HBs after HB vaccination in healthy adults who were stratified by vaccine-induced anti-HBs titers. Based on these analyses, we aim to understand immune reactions to the HB vaccine to improve the efficacy of the vaccine for prevention or as a therapeutic agent.
Participants and Methods

HB VaCCination pRogRam anD stuDy populations
At Showa University, medical students who have never received the HB vaccine or been infected, confirmed by the absence of anti-HBs or HBsAg, are vaccinated before clinical training. The HB vaccination series consists of three injections: the initial injection and injections given 1 and 6 months after the initial shot. One month after the third shot, vaccineinduced anti-HB titers were measured with the Architect-i4000 system (Abbott Japan, Tokyo, Japan). Subjects with anti-HBs ≥10 mIU/mL are deemed to be vaccine responders. These anti-HBs data have been archived as vaccination records in the Showa University Health Service Center, and we analyzed the records of first-time HB vaccinations between 2004 and 2015 (n = 3,755; Table 1 ). Three different kinds of HB vaccine were used in each fiscal year based on their availability: genotype C HBV vaccine containing Pre-S2 protein (Meinyu; Meiji Dairies Co., Tokyo, Japan) (n = 1,166); genotype C HBV vaccine (Bimmugen; Kaketsuken, Kumamoto, Japan) (n = 2,216); and genotype A HBV vaccine (Heptavax-II; MSD K.K., Tokyo, Japan) (n = 373) (Supporting Table S1 ).
Among the 3,700 full-time workers at Showa University Hospital who underwent vaccination against HBV between 1998 and 2015, 447 were vaccinated multiple times as booster injections (Supporting Table S2 ) because their anti-HBs became undetectable (<10 mIU/mL) at some point. Booster vaccinations were performed on the same schedule, and acquired anti-HBs antibody titers were measured as described above.
All retrospective and prospective analyses in this study were approved by the institutional research ethics committees at Showa University and the National Center for Global Health and Medicine (Ichikawa, Japan). We obtained written informed consent from all the participants in the prospective study under protocols approved by the Ethics Committee of Showa University in accordance with the 1975 Declaration of Helsinki and its later amendments or comparable ethical standards.
long-teRm FolloW-up oF anti-HBs antiBoDy aFteR FiRst-time HB VaCCination
We also analyzed the medical check-up records, including anti-HBs antibody titers for 2001-2016, and 392 persons had been followed every year for more than 10 consecutive years. These workers were stratified in three groups based on their initially acquired anti-HBs antibody titers: low (10 ≤ anti-HBs < 100 mIU/mL), high (100 ≤ anti-HBs < 1,000 mIU/mL), and very high (anti-HBs ≥1,000 mIU/mL). Changes in the percentages of individuals positive for anti-HBs over time were analyzed with the Kaplan-Meier method.
analysis oF immune ReaCtions to HB VaCCination; tHeiR impaCt on tHe aCQuisition anD maintenanCe oF anti-HBs antiBoDy
To analyze the immune reactions to HB vaccination, we collected peripheral blood from three groups: first-time-vaccinated students, booster-vaccinated workers, and individuals who had maintained sufficient anti-HBs antibody for 5 years (Table 2) . We collected peripheral blood mononuclear cells and sera before vaccination and 1 month after the third injection. Of the medical students vaccinated for the first time with Heptavax-Ⅱ in 2016, 47 agreed to be enrolled in the analysis (first-time vaccination group). We also analyzed 62 booster-vaccinated workers (30 persons treated with Bimmugen in 2015 and 32 persons treated with Heptavax-Ⅱ in 2016) who lost anti-HBs after the initial HB vaccination and agreed to be enrolled in this analysis (booster vaccination group). To clarify the factors that contribute to antiHBs maintenance, we recruited 20 individuals who had maintained sufficient levels of anti-HBs as a control (maintenance group).
immunologiC analysis using FloW CytometRy anD multipleX analysis
To Table S3 .
statistiCal analysis
Values for the clinical and immunologic parameters were compared using a log-rank test, analysis of variance, Fisher's exact test, the Wilcoxon rank sum test, or a matched-pair analysis, as appropriate, with Prism7 (GraphPad, La Jolla, CA). P < 0.05 was considered significant.
Results
RetRospeCtiVe analysis oF anti-HBs antiBoDy titeRs inDuCeD WitH tHRee DiFFeRent VaCCines in FiRst-time-VaCCinateD stuDents
Based on vaccination records, we analyzed the response rates and acquired anti-HBs antibody titers of students who were vaccinated for the first time ( Table 1 ). The response rates to different HB vaccines were similar and, on average, 91.6% of students acquired anti-HBs. The acquisition rate of anti-HBs to each HB vaccine was lower in male participants than in female participants. The number of subjects who produced >1,000 mIU/mL anti-HBs (very high responders) was greater in those given Meinyu than in those vaccinated with the other two vaccines.
HigHeR anti-HBs antiBoDy titeRs in FiRst-time VaCCinees leD to longeR peRsistenCe oF anti-HBs in HealtHy aDults
Based on medical health-check records, we analyzed the changes in subjects positive for anti-HBs, who were stratified by their initially acquired antiHBs antibody titers after first-time HB vaccination (Fig. 1A) . Among the 392 individuals who could be followed more than 10 consecutive years, 75 individuals maintained titers above 10 mIU/mL without booster vaccination. Of these 94 individuals with a very high response (initial anti-HBs ≥1,000 mIU/mL), 57 maintained detectable anti-HBs, whereas subjects with low or high responses lost considerable anti-HBs (P < 0.0001). Although the rate of anti-HBs acquisition was higher in female than male participants, the maintenance of anti-HBs did not differ significantly (Fig. 1B) .
optimal inCRease in FolliCulaR HelpeR t Cells anD inDuCtion oF aCtiVateD antiBoDy-seCReting Cells aRe ReQuiReD FoR FaVoRaBle Response to tHe HB VaCCine in FiRst-time VaCCinees
We analyzed the immune reactions of first-time-vaccinated students. Among 47 students, 36 produced anti-HBs ≥ mIU/mL (responders) and 11 failed to Abbreviations: Alb, albumin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; γGT, gammaglutamyltransferase; Hb, hemoglobin; Ht, hematocrit; Ly, lymphocytes; Neutro, neutrophils; Plt, platelets; RBC, red blood cell count; T-chol, total cholesterol; TG, triglyceride; WBC, white blood cell count.
do so (failures) ( Table 2) . We used flow cytometry to analyze the differences between responders and failures in the phenotypes and frequencies of various immune cells. HB vaccination significantly increased the frequency of bulk T cells in the responders, with a relative reduction in B cells, whereas no other immune cells differed between the groups, including monocytes, dendritic cells, natural killer cells, and natural killer T cells ( Fig. 2A; Supporting Fig. S2A) . In a subpopulation analysis of T cells, the frequency of clusters of differentitation (CD)4 + or CD8 + T cells among the total CD3 + T cells did not change significantly (Supporting Fig. S2B ). However, T cells with a CD45RA − memory phenotype, especially CD45RA − chemokine (C-C motif ) receptor 7 (CCR7) + central memory T cells in addition to effector memory T cells (CD45RA − CCR7 − ), were elevated in responders (Supporting Fig. S2C ). These memory T cells displayed increased surface expression of CD40L (Supporting Fig. S2D ). In parallel with the increases in these cells, the frequency of naive T cells (CD45RA + CCR7 + ) decreased, suggesting that the HB vaccine induced differentiation from the naive T-cell phenotype to the memory T-cell phenotype.
An essential player in the antigen-specific antibody response is CD4
+ chemokine (C-X-C motif ) receptor 5 (CXCR5) + follicular helper T (Tfh) cells. Although the interaction between Tfh and B cells occurs in germinal centers (GCs) located in secondary lymph nodes, Tfh cells are also detected in the peripheral blood as circulating Tfh (cTfh) cells (10) (Supporting Fig. S2E ). cTfh cells were only significantly increased in responders ( Fig. 2B; Supporting  Fig. S2E 2C; Supporting Fig. S2F ). The increased expression of the activation marker human leukocyte antigen DR isotype (HLA-DR) on PBs and PCs but not on naive B cells or Bmem cells was observed in Fig. 1 . Annual follow-up of acquired anti-HBs in first-time HB vaccinees for 10 years. Anti-HBs induced by first-time HB vaccination was monitored regularly in annual health checks. Vaccinees (n = 392) who could be followed for 10 consecutive years were stratified in three groups, depending on their initially acquired anti-HBs antibody titers: low (10 mIU/mL ≤ anti-HBs < 100 mIU/mL), high (100 mIU/mL ≤ anti-HBs < 1,000 mIU/mL), and very high (anti-HBs ≥1,000 mIU/mL). The y axis expresses the proportion of each group who maintained detectable anti-HBs antibody titers, and the changes are shown with Kaplan-Meier curves. (A) Higher acquired anti-HBs titers led to longer anti-HBs maintenance (****P < 0.0001). (B) In each group, male participants are shown with a straight line and female participants with a dotted line. No significant difference in any group was observed based on sex.
Fig. 2. Comprehensive analysis of changes in peripheral immune cells after first-time vaccination.
PBMCs were stained with a multiple staining panel, and the data before and 7 months after the initial HB vaccination are shown, categorized by the vaccine response (failure, n = 11; responder, n = 36). *P < 0.05, **P < 0.01 , ***P < 0.001 , ****P < 0.0001. (A) Among the peripheral immune cells, T-cell frequency increased significantly (P < 0.0001), accompanied by B-cell reduction (P = 0.0152), in responders, but no other cells showed significant differences by HB vaccination. (B) In responders, among the CD4 + cells, cTfh cells were significantly increased (P < 0.0001). Among the cTfh cells, the proportion of cTfh1 cells (P < 0.0001) and cTfh17 cells (P = 0.0144) increased significantly, whereas cTfh2 cells decreased (P = 0.0013). (C) Bmem cells (P = 0.0021), PBs (P = 0.0014), and PCs (P = 0.0175) were significantly increased in responders, whereas naive B cells decreased (P = 0.0045). (D) HB vaccination also induced significant activation of PBs (P = 0.0393) and PCs (P = 0.0210). Boxplot shows median ± interquartile range and whisker shows min to max. Abbreviations: F, failure; gMFI, geometric mean fluorescence intensity; PBMC, peripheral blood mononuclear cell; Post, after vaccination; Pre, prevaccination; R, responder. responders (Fig. 2D) . Serum levels of cytokines or chemokines before vaccination did not differ significantly between responders and nonresponders (Supporting Table S4 ).
inteRFeRon-γ, CHemoKine (C-X-C motiF) liganD 9, 10, anD 12, anD inteRleuKin-6 leVels in pReVaCCine seRa WeRe assoCiateD WitH aCQuiReD anti-HBs antiBoDy titeRs
To elucidate the immunologic factors that are important for acquiring higher anti-HBs, we analyzed the immune response in primary vaccine responders. Although HB vaccination increased the frequencies of cTfh cells and ASCs, these did not differ according to the acquired anti-HBs antibody titer (data not shown). In contrast, among the panel of cytokines and chemokines shown in Supporting Table S4 , interferon-γ (IFN-γ), chemokine (C-X-C motif ) ligand 9 (CXCL9), CXCL10, CXCL12, and interleukin-6 (IL-6) levels before HB vaccination correlated positively with the vaccine-induced anti-HBs antibody titer ( Fig. 3A,B; Supporting Fig. S3A ). These factors also correlated strongly with each other (Supporting 
HigHeR FReQuenCies oF memoRy Bmem Cells anD asCs aRe assoCiateD WitH tHe peRsistenCe oF VaCCineinDuCeD anti-HBs antiBoDy
To identify the factors essential for anti-HBs persistence, we next compared the immune cells and serum proteins in individuals who retained their antiHBs for more than 5 years (Maintenance group) with those in individuals who lost detectable level of antiHBs (Lost group; also booster vaccination group) before their booster vaccination. We analyzed the immune cells and serum proteins using the strategy described above. The frequencies of Bmem cells, PBs, and PCs were lower in the Lost group than in the Maintenance group, whereas no other immune cells differed significantly between these groups (Fig. 4A) . Among the B-cell lineage, only the frequency of PCs was strongly associated with the anti-HBs antibody titers in the Maintenance group (Fig. 4B) . These results indicate that Bmem cells and ASCs are involved in the persistence of acquired anti-HBs. 
anti-HBs antiBoDy Response Was augmenteD By ConseCutiVe HB VaCCinations
We lastly performed immunologic analysis in booster-vaccinated medical staff who lost detectable anti-HBs. We prospectively analyzed the immune responses to booster vaccination based on the same strategy as the initially vaccinated students. Although the vaccines used were different (Bimmugen in 2015 and Heptavax-Ⅱ in 2016), acquired anti-HBs antibody titer and immune reactions were similar in both groups (Fig. 5A-C) . Interestingly, the pivotal immune cells, such as cTfh or ASCs, in anti-HBs acquisition in first-time-vaccinated persons were not increased in booster-vaccinated persons. No significant association between serum proteins and acquired anti-HBs in booster-vaccinated persons existed. To analyze the immunologic factors associated with anti-HBs decline, we followed some individuals who acquired anti-HBs from booster vaccinations in 2015 (n = 17) and 2016 (n = 12). We examined the relationship between the immune cells or serum proteins present before boosting and the degree of reduction in anti-HBs antibody titers during 1 year (percentage reduction of anti-HBs). The frequency of Bmem cells before booster vaccination correlated inversely with the reduction in anti-HBs (Fig. 5D) . No serum cytokine or chemokine was associated with the persistence of anti-HBs.
To clarify the impact of booster vaccination, we retrospectively examined subjects who had lost their anti-HBs and received consecutive vaccinations. Based on our records, 346 individuals were vaccinated twice (Supporting Table S5 ). We paid attention to the vaccine on both occasions; the response patterns of these individuals to the first and second vaccinations are shown in Fig. 5E . Thirty-three persons were primary nonresponders (Fail/Fail). Of the 106 subjects who failed to produce anti-HBs after the first vaccination, 73 successfully produced anti-HBs after the second series ( Fig. 5E ; Fail/Success). When we examined the effects of the types of vaccines used, 25 of 47 (53%) individuals who received the same vaccine on both occasions acquired anti-HBs whereas 48 of the 59 (81.4%) individuals who received different types of vaccines on the two occasions acquired anti-HBs (Fig. 5F ). Among the 240 consecutive responders in both series, the anti-HBs antibody titers were higher after the second vaccination (booster) than after the first, especially when a different type of vaccine was used as the booster (Fig. 5G ).
Discussion
The HB vaccine is one of the safest immunizations for recipients, preventing infection and thereby reducing the future risk of liver cancer. (11) In this study, we analyzed adult populations that had not been given the birth-dose HB vaccine. Because the vaccination records of thousands of people have been archived in our Health Service Center, we were able to track their anti-HBs responses with information from their periodic health checks. We also analyzed their vaccineinduced immune responses in various phases: (1) the acquisition of anti-HBs; (2) the maintenance of anti-HBs; and (3) the memory response induced by booster vaccination.
To provide high anti-HBs antibody titers to vaccinated subjects, the selection of the vaccine type is a practical option. Although the anti-HBs acquisition rates were approximately 90% in the HB vaccinenaive young adults regardless of the type of vaccine used in this study, Meinyu, which contains the Pre-S2 protein in addition to the adr type of HBsAg, induced very high anti-HBs antibody titers (>1,000 mIU/mL) in 50.8% of vaccinees. Although we could not perform the immunologic analysis in detail because the vaccine is currently unavailable in Japan, the HB vaccines that contain Pre-S1 or Pre-S2 protein have been reported to be more immunogenic than the small HBsAg alone. (12, 13) One of the proposed mechanisms of the prominent vaccine response is the Pre-S proteins' help for circumventing nonresponsiveness to HBsAg, which is partly controlled by HLA class II alleles. (14) Therefore, the ethnic variations in HLA class-II allele frequency and the employed vaccine formulation in each country could impact the response of HB vaccination. (15, 16) We also identified primary nonresponders to multiple series of vaccinations. The mechanism of nonresponse may involve specific HLA alleles or single-nucleotide polymorphisms of immune-related genes. Further research into their genetic backgrounds is required to improve the efficacy. However, the use of HB vaccines that contain Pre-S protein could be an attractive strategy to improve efficacy, especially in nonresponders or low responders, including individuals who are immunodeficient.
In addition to B-cell lineages, T-cell lineages are required to induce the optimal response and generate a protective level of anti-HBs by the HB vaccine. (17) In responders, we observed significant increases in cTfh cells and CD45RA − memory T cells with elevated CD40L expression, which are important for antiHBs acquisition after vaccination. (18) Furthermore, a reduction in naive B cells and an increase of PBs or PCs were also observed in the responders, which indicate the differentiation of the B-cell lineage. Tfh cells, which are essential for the induction of antigenspecific B cells in the GC, (19) circulate in the peripheral vasculature. (20, 21) Among the cTfh cells, we observed significant increases in cTfh1 and cTfh17 cells but a reduction in cTfh2 cells in responders after first-time HB vaccination. The key population of immune cells that is associated with a favorable response may differ depending on the kind of vaccine. For instance, cTfh1 cells are reportedly important in the response to influenza vaccines, (22) whereas T helper type 2 (Th2) cells are important in the response to the papilloma virus vaccine (23) and Th17 cells in the response to the Ebola vaccine. (24) Anti-HBs acquired with vaccination gradually decrease over time, and low anti-HBs antibody titer may be insufficient to confer reliable protection. (9) Individuals who maintained their anti-HBs for a long time had more Bmem cells and ASCs than those who lost their anti-HBs (Fig. 4A) ; the impaired maintenance of anti-HBs can be partly attributed to a reduction in Bmem cells (Fig. 5D ), which has also been reported in older persons. (25) Based on our retrospective analysis shown in Fig.  1 , acquiring a higher anti-HBs antibody titer in the initial vaccination is of great importance to maintain the neutralizing antibody for a long time without distinction of sex. Interestingly, we found that the prevaccination levels of serum IFN-γ, CXCL9, CXCL10, CXCL12, and IL-6 correlated with their vaccine-induced anti-HBs antibody titers, whereas the frequencies or phenotypes of their immune cells were not significantly associated. Therefore, the basal immune status of the recipients contributes to their vaccination response. Because the early IFN-γ response to vaccination is reported to be a predictor of immunologic memory, (26) IFN-γ could be used as an adjuvant, as is IFN-α. (27) It has also been reported that patients with atopic dermatitis show a reduced response to HB vaccination, suggesting that a Th2-prone immune environment in the host inhibits this response. (28) In a recent study, transcriptional and cytometric profiling showed that systemic inflammation before vaccination is associated with the agerelated response to the HB vaccine. (17) Therefore, the prevaccination immune status of the recipient could be tailored to improve the vaccine response, for example, by modifying the vaccine with adjuvants or using multivalent vaccines.
As recommended in birth-dose-vaccinated persons in early adolescence, (29) our retrospective analysis revealed that booster vaccination, preferably with a different kind of vaccine from the previous vaccine, is useful in providing higher antiHBs antibody titers, which are expected to result in longer anti-HBs maintenance. The observed immune reactions in booster vaccination were different from those observed in first-time vaccination. This appears to be reasonable because the immune response to booster vaccination originated from the immunologic memory and can bypass the steps of antigen-specific acquisition that requires the help of Tfh cells. Although we did not observe a significant association between immunologic factors and anti-HBs antibody titers in booster-vaccinated persons, this is potentially because of the small sample size or the variation in age in the boostervaccinated group compared to initially vaccinated persons. Further study is indispensable to elucidate the mechanism.
We need to consider some substantial limitations of this study. First, as the mean age of the vaccinees in our analysis was more than 20 years old, the finding of the study might be biased. Second, our immunologic analyses were based only on samples collected at designated time points. Detectable peripheral immune reactions probably differ depending on the timing of the analysis and the kind of vaccine used. In fact, we were unable to detect the increase of CD71 + IgD − CD38 + B cells that was reported in influenza vaccine recipients. (30) Third, we were unable to assess the antigen-specific cellular immune response to HB vaccination. Further study is warranted to evaluate the dynamics of HBsAg-specific B cells and anti-HBs.
In conclusion, the acquisition of high anti-HBs antibody titer at vaccination is important for the longterm maintenance of anti-HBs. We demonstrated the vaccine-induced anti-HBs antibody titer is influenced by the prevaccination immune status of the recipient, and conditioning the immunologic milieu before vaccination can be a strategy to improve the impact of HB vaccination.
